CACHET 2: Carbon Capture and Hydrogen Production with Membranes  by Song, B. & Forsyth, J.A.
 Energy Procedia  37 ( 2013 )  1050 – 1059 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of GHGT
doi: 10.1016/j.egypro.2013.05.201 
CAC
aBP Alterna
Abstract 
CACHET 2 
membrane tec
combustion C
Technip (Fran
(Greece), Pol
of Metal  Re
has attained s
removal sorbe
© 2013 The A
Selection and
Keywords: CO
1. Introdu
Pd memb
hydrogen ca
generation. 
condensation
compression
Pd memb
reactors to 
Commission
concluded th
cost reductio
*
Correspondin
Email address:
HET 2: Ca
tive Energy Inte
is a European
hnology to in
O2 capture. Th
ce), Stiftelsen 
itecnico di Mil
search (China)
ignificant ach
nt material dev
uthors. Publis
/or peer-review
2 capture; Pd mem
ction 
rane is perm
n be selectiv
The remainin
 of the ste
 energy for tr
rane can be e
achieve CO 
 FP6 CACH
at WGS-Pd 
n potential fo
g author. Tel: +4
bai.song@uk.bp
rbon Capt
rnational Limited
 Commission 
crease the ener
e project comp
SINTEF (Norw
ano (Italy), the
. Benefiting fro
ievements in p
elopment, mem
hed by Elsevier
 under respons
brane; H2S rem
eable to hyd
ely separated
g stream co
am leaves c
ansport and s
ither applied 
to CO2 conv
ET project 
membrane re
r the pre-com
4 1932 764176
.com
ure and Hy
B. Songa*, J
, Chertsey Road
funded conso
gy efficiency o
rises of 8 part
ay), ECN (the
 Dalian Institu
m such collec
ure Pd membr
brane module
  Ltd. 
ibility of GHG
oval; hydrogen s
rogen only. 
 from other s
ntains mainly
oncentrated 
torage.
as a separator
ersion and H
[1] evaluated
actors provid
bustion capt
drogen Pr
. A. Forsytha
, Sunbury-on-Th
rtium project 
f natural gas-
ners, from ind
 Netherlands), 
te of Chemical
tive efforts of 
ane and seal s
 modeling and 
T
eparation
When applie
yngas molecu
 CO2 and u
CO2 at high
 on its own, o
2/CO2 efficie
 several ad
e the highest
ure route of n
oduction w
ames, Middlesex,
that focuses o
and coal-fired 
ustries, academ
the National T
 Physics (Chin
a European-Ch
cale-up, novel 
design, and opt
d to pre-com
les and used
nrecovered H
 pressure, 
r integrated w
ntly in one 
vanced CO2
 energy effic
atural gas to 
ith Memb
 TW16 7LN, Uni
n advancing p
power plants f
ia and instituti
echnical Unive
a) and the Shen
inese consortiu
Pd-alloy memb
imum process 
bustion captu
 as a fuel for
2 and steam
significantly 
ith water ga
single step. T
capture tech
iency and mo
low carbon p
ranes
ted Kingdom 
alladium (Pd)
itted with pre-
ons: BP (UK),
rsity of Athens
yang Institute
m, the project
rane and H2S
integration.   
re processes
 clean power
. Subsequent
reducing the
s shift (WGS)
he European
nologies and
st promising
ower. Studies
,
Available online at www.sciencedirect.com
  e uthors. Published by Elsevier Ltd.
 d/or p er-review under responsibility of HGT
 B. Song and J. A. Forsyth /  Energy Procedia  37 ( 2013 )  1050 – 1059 1051
conducted by NETL [2] concluded that by integrating H2-permeable Pd membrane into IGCC-CCS 
(Integrated Gasification Combined Cycle with CO2 Capture and Storage) plant, the cost of electricity can 
be reduced by 12%, higher than any other technology currently under development. Both credible studies, 
together with many other literatures, suggest that Pd membrane has great potential to reduce the cost of 
low-carbon electricity generation from fossil fuels. The CACHET 2 project was set up in January 2010 to 
advance the Pd membrane technology for its prospective application in natural gas- and coal-fired power 
plants fitted with pre-combustion capture. The project comprises of 8 partners, from industries, research 
institutions and university academia: BP (UK), Technip (France), SINTEF (Norway), ECN (the 
Netherlands), the Dalian Institute of Chemical Physics (China) and the Shenyang Institute of Metal 
Research (China), the National Technical University of Athens (Greece), Politecnico di Milano (Italy). 
In the European FP6 CACHET project, pure Pd membrane technology produced by the electroless 
plating method of Dalian Institute of Chemistry and Physics (DICP) was successfully demonstrated at a 
tubular membrane length of 50 cm. The technology is highly regarded to be suitable for natural gas-
derived low carbon power applications, i.e. in NGCC-CCS (Natural Gas Combined Cycle with CO2
Capture and Storage) plants. The CACHET 2 project aims to drive forward the development of pure Pd 
membrane by scaling up DICP’s technology, test it for long-term stability, develop a scaled-down version 
of a commercial membrane module and measure its performance in simulated industrial conditions. 
DICP’s technique deposits Pd membrane layer onto ceramic tubing support. In order to install the 
resultant Pd membrane tubes in a metal vessel, the project recognizes that a ceramic-to-metal seal which 
is able to endure high pressure high temperature conditions is critical for successful exploitation of Pd 
membrane. Hence, two different types of novel ceramic-to-metal seals are also developed, scaled up and 
tested for long term stability within the project. 
    
Pure Pd material membranes is are susceptible to poisoning by sulphur compounds contained present 
in coal-derived syngas. Integration of H2 selective Pd membranes into solid fuel based processes therefore 
requires sulphur resistant membrane materials. Hence, the project has also performed fundamental 
research to develop novel Pd-alloy H2 membrane materials of higher sulphur tolerance and a high 
temperature sorbent-based H2S removal technology which reduces the process exergy loss and unlocks 
the potential of Pd membranes in IGCC-CCS applications. These technologies in combination will enable 
Pd membrane to advance into the broader coal pre-combustion CO2 capture applications, with an outlook 
to reduce capture energy penalty by nearly 40% in comparison to the state-of-the-art technology of 
Selexol [3].    
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This paper provides an overview of the CACHET 2 project, focusing on disseminating the project’s 
key technical objectives and achievements so far. 
2. CACHET 2 Organisation and Objections 
CACHET 2 carries out its research activities through 4 technical work packages (see Fig. 1 for the 
project organization structure): 
WP1 – Pd membrane engineering, development and testing: a work package focusing on pure Pd 
membrane scale-up. Its objective is to demonstrate the production of pure Pd membranes and sealing 
techniques at a scale of 1m length and prove their long-term stability (>1000 hours) at high temperature 
(up to 400 oC) in a H2 separation membrane module.   
WP2 – High flux and high stability membrane development: a work package focusing on developing 
novel Pd-alloy material of improved permeability and tolerance against H2S and CO to suit coal-derived 
syngas H2 separation. Its key objective is to research, evaluate and test the application of novel Pd-alloy 
membranes to solid fuels and achieve 100% higher H2 permeability in the presence of up to 20 ppm H2S
compared to the current state-of-the-art PdCu membrane. In addition, WP2 also develops advanced Pd-
alloy membrane material for high temperature (approximately 650-750 oC) stability to suit integrated 
membrane natural gas reforming application.    
WP3 – High temperature sulphur compound removal: a work package focusing on developing novel 
high temperature H2S removal sorbents to enable economic integration of membranes into IGCC-CCS. Its 
objective is to research, evaluate and test the application of innovative high temperature sulphur 
compounds removal to reduce H2S concentration to <5-20 ppm in the cleaned gas and achieve 25-50% 
economic benefit over the state of the art technology. 
WP4 – Module design, process integration, economics and HSE: a work package delivering the 
mechanical engineering, process engineering and process safety aspects of technologies developed in 
WP1, 2 and 3. Its objectives include: designing a full-scale membrane module with optimum use of 
membrane area; maximizing energy efficiency of NGCC-CCS and IGCC-CCS plants through innovative 
integration of the membrane and process optimisation; evaluating the lifecycle cost of CO2 captured and 
avoided to quantify the benefits of Pd membrane in NGCC-CCS and IGCC-CCS applications, targeting 
for 25-50% avoided CO2 cost reduction compared to the state-of-the-art CO2 capture technologies.     
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Fig. 1. Project organization structure of CACHET 2 
3. CACHET 2 Achievements 
3.1. Pure Pd membrane and seals production scale-up and their stability 
CACHET 2 inherited DICP’s proprietary electroless plating technique for pure Pd membrane 
production from the European FP6 CACHET project which demonstrated DICP’s technique up to 50cm 
long membrane production. In order to scale up DICP’s technique to 1m membrane length, ECN has been 
preparing 1m long ceramic alumina supports with additional surface treatment to facilitate the deposition 
of the Pd-film by electroless plating at DICP. DICP has scaled up its membrane preparation and 
permeation test facilities including a furnace that is employed for the heat treatment of 1m long 
membranes during preparation. The manufacturing of such long membranes with 4-7 m thick Pd-films 
has been successfully demonstrated. The initial leak tightness of these membranes is good, showing a 
maximum N2 leak rate smaller than 0.1 ml/min at a pressure difference of 100 kPa at room temperature.  
A ceramic-to-metal mechanical sealing is critical for fixing the membranes in a commercially 
exploitable module assembly. Two development lines have been adopted by CACHET 2: (1) the further 
development of the already established ECN compression seal aiming at lower slip or sliding freedom of 
the seal over the membrane; (2) the development of an innovative sealing technology at Shenyang 
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This discovery has advanced Pd membrane technology a step closer to its application for solid fuel 
application. 
3.3. Novel sorbent material for high temperature H2S removal from coal-derived syngas 
The CACHET 2 project kicked off the H2S sorbent research by developing its performance criteria, 
and used that to guide the sorbent synthesis and selection work. In the sorbent criteria work the targeted 
H2S capacities of the sorbents have been estimated; and optimum temperature and pressure intervals for 
both pressure swing adsorption (PSA) and temperature swing adsorption (TSA) processes have been 
identified. The sorbent’s sulphur selectivity over CO2 and the sulphur purity in the regenerated off gas 
have also been considered. In addition, the likely integration of the sulphur removal unit into IGCC 
processes has been evaluated.  
In the sorbent selection work, SINTEF has been focusing on development of metal oxide material for 
TSA H2S removal process, while ECN has been leveraging their knowledge on hydrotalcite material for a 
PSA alternative. Both parties have identified novel sorbents satisfying the performance targets of sulphur 
capacity and slippage of H2S. This discovery is highly encouraging that high temperature H2S removal 
through adsorption is plausible. CACHET 2 process evaluation by Politecnico di Milano (PTM) has 
shown that by replacing Selexol H2S removal with the CACHET 2 high temperature H2S removal process 
in the IGCC-CCS with Pd-alloy membrane flow-sheet, the net energy efficiency (on LHV basis) increases 
from 39.08% to 40.76%, equivalent to 25% reduction of energy consumption per tonne of CO2 avoided 
[3]. If the high temperature H2S removal technology becomes commercially available, it will significantly 
enhance the economic benefits and competitiveness of the Pd membrane in solid fuel applications.  
3.4. Full-scale membrane module design and its scaled-down unit demonstration 
SINTEF has developed a 2-dimensional membrane module simulation tool within CACHET 2 
project. The simulation tool accounts for bulk-phase feed side mass transfer characteristics, permeability 
and mass transfer resistance associated with the membrane deposition layer, mass transfer characteristics 
through the ceramic support tubing and at the bulk-phase permeate side of the membrane. A water gas 
shift (WGS) reaction model has also been built in, enabling the simulation tool to model both integrated 
WGS-membrane reactor setup and non-integrated membrane separator setup. For both setups, this 
simulation tool has been validated using 0.5m long pure Pd membrane testing data by ECN.  
The simulation tool has been instrumental to the design of the membrane module design in 2 
perspectives: (1) at 90-95% hydrogen recovery factor, the integrated reactor encounters a lower rate of 
mass transfer on the feed side of the membrane, and does not necessarily reduce the required membrane 
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Technical University of Athens (NTUA) in CACHET 2 under consistent process assumptions to have a 
net LHV efficiency of 49.7%. Furthermore, the Pd membrane technology has the potential to capture up 
to 100% of the carbon in the feed natural gas, while MEA is only capable of capturing up to 90% of the 
carbon. Hence, when compared on an energy consumption per tonne of CO2 avoided basis, Pd membrane 
technology is highly beneficial. Table 1 has listed the energy balance of 5 Shell gasifier-IGCC cases 
studied by PTM in CACHET 2. The integration of Pd-alloy membrane into the IGCC-CCS flow-sheet 
results in about 2% point efficiency improvement over a Selexol pre-combustion capture process; 
simultaneous integration of the high temperature H2S removal sorbent technology significantly increases 
the efficiency improvement to 4% point.    
At the time of writing, the process economics evaluation is being finalized by NTUA and PTM on 
the various NGCC-CCS and IGCC-CCS cases. Initial results indicate that the cost of membrane needs to 
be below a 2500-4500 $/m2 threshold, depending on the application and process design adopted, in order 
for Pd membrane to be competitive against the state-of-the-art solvent-based technologies.      
Fig. 4. A graph showing the variation of NGCC-CCS energy efficiency with the hydrogen recovery factor (HRF) of the pure Pd 
membrane process 
Table 1. Energy balances of the 5 Shell gasifier-IGCC cases studied by CACHET 2. 
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AGR IGCC IGCC with 
Selexol CO2
capture 
Rectisol H2S
removal with 
Pd-alloy 
membrane 
Selexol H2S
removal with 
Pd-alloy 
membrane 
High 
temperature 
H2S removal 
with Pd-alloy 
membrane 
H2S
concentration at 
membrane inlet 
- - <1ppm 10 ppm 10 ppm 
HRF - - 95 95 95 
Gas Turbine, 
[MW] 
290.2 305.0 309.7 309.3 304.1 
Steam Cycle 
Gross Power, 
[MW] 
197.7 179.2 171.9 167.9 184.7 
CO2
compressor, 
[MW] 
- -22.9 -0.9 -0.9 -0.9 
CO2 capture
aux., [MW] 
- -19.3 -9.8 -9.8 -9.6 
Cooling duty 
AGR, [MW]  
- - -1.7 - - 
Net Power 
Output, [MW] 
425.7 383.5 390.1 391.8 405.8 
Thermal Power 
InputLHV, [MW] 
888.8 1053.5 1009.6 1002.8 995.4 
Net LHV 
Electric
Efficiency, [%]
47.48 36.40 38.64 39.08 40.76 
CO2 avoided, 
[%]
- 86.6 89.4 89.5 90.92 
SPECCA
[MJLHV/kgCO2]
- 3.7 2.7 2.5 1.89 
4. Conclusions  
Following the success of the European Commission FP6 CACHET project, CACHET 2 was set up in 
January 2010 to advance the Pd membrane technology and unlock its potential to reduce the cost of CO2
capture from natural gas- and coal-fired power plants. Following nearly 3 years of research and 
development, the project has attained significant achievements, including progressive scale-up of the pure 
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Pd membrane and ceramic-to-metal sealing technologies, on-target development of novel Pd-alloy 
membrane and high temperature H2S removal sorbent material, highly instrumental membrane simulation 
tool and module design, and optimum process integration. Further Pd membrane research, development 
and demonstration after the life-time of CACHET 2 will move this technology towards commercial 
exploitation in NGCC-CCS and IGCC-CCS applications.    
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